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Abstract. A coupled one-dimensional multilayer and multistream radiative transfer
model has been developed and applied to the study of radiative interactions in the
atmosphere, sea ice, and ocean system. The consistent solution of the radiative
transfer equation in this coupled system automatically takes into account the
refraction and reflection at the air-ice interface and allows flexibility in choice of
stream numbers. The solar radiation spectrum (0.25 pm-4.0 pm) is divided into
24 spectral bands to account adequately for gaseous absorption in the atmosphere.
The effects of ice property changes, including salinity and density variations, as
well as of melt ponds and snow cover variations over the ice on the solar energy
distribution in the entire system have been studied quantitatively. The results
show that for bare ice it is the scattering, determined by air bubbles and brine
pockets, in just a few centimeters of the top layer of the ice that plays the most
important role in the solar energy absorption and partitioning in the entire system.
Ice thickness is important to the energy distribution only when the ice is thin, while
the absorption in the atmosphere is not sensitive to ice thickness variations, nor is
the total absorption in the entire system once the ice thickness exceeds about 70
cm. The presence of clouds moderates all the sensitivities of the absorptive amounts
in each layer to the variations in the ice properties and ice thickness. Comparisons
with observational spectral albedo values for two simple ice types are also presented.

1. Introduction

Polar sea ice plays an important role in the global
climate system. Solar radiation is the dominant energy
component controlling the heat and mass balance of
sea ice in the polar regions. The atmosphere, sea ice,
and ocean interact both directly and indirectly with
each other via radiative transfers of energy. The at-
mospheric structure, clouds, the sea ice state, and the
seawater below the ice determine the solar radiative en-
ergy distribution throughout the system, as well as the
radiative energy absorbed in the ice and transmitted
into the ocean. Radiation absorbed within the sea ice
can change the internal structure of the ice and conse-
quently its optical properties. These changes result in
an alteration of the radiative energy transmitted into
the ocean and reflected back to the atmosphere, which,
in turn, affects the stratification and circulation of the
atmosphere and the ocean. These radiative interactions
can also affect the sensible, latent, and conductive en-
ergy exchanges between the subsystems due to the vari-
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ations in structure and state of each layer. Therefore to-
understand the interaction between the atmosphere, sea

ice, and ocean, it is necessary to investigate factors that

affect the disposition of the solar radiation within this

coupled system, such as the amount of the solar radia-

tive energy stored in the interior of the ice, transmitted

into the ocean, and reflected back to the atmosphere,

respectively.

Numerous theoretical and experimental studies have
been carried out to investigate the absorption and scat-
tering of solar radiation by sea ice [Grenfell and Maykut,
1977; Grenfell, 1979, 1991; Buckley and Trodahl, 1987]
and the penetration of radiation into the ocean [Per-
ovich and Maykut, 1990; Maykut and Grenfell, 1975].
Studies of the role of solar radiation in the heat and
mass balance of sea ice [Untersteiner, 1961; Langleben,
1966; Shine and Crane, 1984] have shown the impor-
tance of solar radiative energy on sea ice decay. Re-
sults from thermodynamic models clearly indicate that
the equilibrium sea ice thickness is very sensitive to
the amount of solar radiation impinging on the upper
ice surface and its absorption in the interior of the ice
[Maykut and Untersteiner, 1971; Semtner, 1976; Ebert
and Curry, 1993].

While the direct effects of the incoming solar radia-
tion on the heat and mass balance of the ice are now well
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understood and fairly easy to treat in models, relatively
little is known about the quantitative partitioning of the
absorbed radiation among the atmosphere, sea ice, and
ocean and the effects of the ice state and clouds on this
partitioning of energy. The purpose of this paper is
to study the radiative transfer process in the coupled
atmosphere-sea ice-ocean system and to assess quanti-
tatively how the physical properties of the ice affect the
disposition and partitioning of the solar radiative en-
ergy within the atmosphere, the sea ice, and the ocean,
within the various layers in the ice, and within the sys-
tem as a whole. We will also investigate the effects of
clouds, surface snow cover, and surface melt ponds on
the absorption and distribution of solar energy in the
coupled system. To do this, we have developed a cou-
pled radiative transfer model for the system. The model
rigorously takes into account over the whole solar spec-
trum the multiple scattering and absorption by atmo-
spheric gases, clouds, snow, ice, and seawater, as well as
by inclusions in sea ice. In this model each stratum is di-
vided into a sufficient number of layers to adequately re-
solve variations in optical properties. The multistream
solution adopted obtains accurate, self-consistent solu-
tions of the radiative transfer equation for the entire
system that satisfies appropriate boundary and layer
interface conditions, including the reflection and refrac-
tion at the air-ice and air-water interfaces.

2. Model Description
2.1. Radiative Transfer

The discrete ordinate method [Chandrasekhar, 1960;
Stamnes et al., 1988] is used to solve the radiative trans-
fer equation in the atmosphere, sea ice, and ocean sys-
tem. For this coupled system the main difficulty in
solving this equation is caused by the change in the re-
fractive indices at the interface between air and ice or air
and ocean. Here we focus on the radiative energy com-
putation for which only fluxes (irradiances) are needed.
Therefore we may start with the azimuthally aver-
aged version of the equation that describes the trans-
fer of monochromatic radiation at frequency v [Chan-
drasekhar, 1960; Stamnes, 1986]

dl, Tv,
4 (7, 1)

_ a(m) ! '
dr, = Iu(Tu:l‘)"‘ an LIPV(Tu:ﬂ:ﬂ)

X Iu(Tuyﬂl)dl‘, - Qu(Tuy#) (1)

where p is the cosine of the polar angle; 7, the optical
depth; I,.(7v, p), the azimuthally averaged diffuse inten-
sity or radiance; a,(7,), the single scattering albedo;
and p,(7,, ', ), the scattering phase function. The
second term on the right-hand side in (1) represents
multiple scattering, while the third term, Q, (7., u), de-
notes the source which drives the radiative transfer pro-
cess in the system. Because we will focus on solar ra-
diation, the thermal source has not been taken into ac-
count here. Also, because we have invoked direct-diffuse
splitting, (1) describes only the diffuse radiation, and
Q. (7, p) is the solar pseudosource. Thus the source
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term is due entirely to the solar radiation incident at
the top of atmosphere. In the atmosphere it can be
expressed as [Jin and Stamnes, 1994]

Au\Ty) s
—4(7'.—21? py(Tu, —Ho, /‘) exp(——Ty/uo)

+ 24 b i, m)p (i, )

x  exp[—(27} — 1)/ o)

QX (v, 1)

(2a)
while in the sea ice and ocean, it is

ocn au('rv) Ho
Ty, =
Qu ( v M) 47|_ ”0"(”0,11)

X pu(Tu, —Hon, ﬂ) exP(_T: /I‘O)
x  exp[—(T = 77)/pon]- (2b)

Here F* is the solar flux (irradiance) normal to the
beam incident in direction 8y = cos™! yg at the top of
atmosphere, 77 is the total optical depth of the atmo-
sphere, and R(—puo,n) and T(—pq, n) are, respectively,
the reflectance and the transmittance of the solar beam
at the interface of air and ice or air and ocean. Thus the
first term on the right-hand side of (2a) represents the
downward incident solar beam source, while the second
term represents the upward beam source reflected back
from the air-ice or air-water interface due to the change
in the refractive index across the interface. The cosine
of the refracted solar zenith angle in the ice and ocean,
ton (o, n), is related to pp and the relative refractive
index n by Snell’s law

pon(pto, n) = /1 — (1 — po?)/n2. (3)

The method of solving (1), including the proper applica-
tion of the interface and boundary conditions, has been
described by Jin and Stamnes [1994]. We may write the
solution for a layer in the atmosphere denoted by p as
(omitting the subscript v)

F’T(—ﬂo, n)

Ny

> {C-ipG—jp(1?) exp[—kjp(my — 7))
i=1

+  CjpGip(ni) exp[—kjp(T — Tp—l)]}

+  Zp(uf) exp(—7/po) + Zp' (uf)

x  exp[—(27% — 7)/po],
i==x1,..., N,

Ip(r i) =

(4a)

and that for a layer in the sea ice and ocean denoted by
p as

N,
> {C-ipG-jp(n?) expl—kjp(7, — 7)]

j=1
+  CjpGjp(p7) exp[—kjp(T — Tp—l)]}

+  Z7%(u?) exp[—7/pon (1o, n)],
i::tl,...,:th

IP(Tx I‘:‘)) =

(4b)

where uf are the quadrature angles in the atmosphere,
and p! are the quadrature angles in the ice and ocean.
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The refraction between the sea ice and the ocean has

been neglected, because with the ice above, most of’

the solar radiation reaching the ocean surface would
be within the visible spectrum, where the indices of
refraction of ice and water are similar. Thus quadra-
ture angles for the ice and ocean are considered to be
the same. N; and N, are the numbers of the discrete
quadrature points (streams) applied when replacing the
integral over angle in (1) by numerical quadrature. The
terms kjp and Gjp(p;) are the eigenvalues and eigenvec-
tors, respectively, associated with the solution of the
homogeneous version of (1) [@.(7,p) = 0], whereas
Z0(pg), Z3' (n?), and Z)?(p?) are related to the partic-
ular solutions due to the source term @, (7, p), and Cjp
are coefficients to be determined from the interface and
boundary conditions. To avoid exponential overflow,
the scaling transformation as discussed by Stamnes and
Conklin [1984] was used to obtain negative exponentials
in (4a) and (4b). This scaling is also essential to avoid
numerical ill-conditions when solving the linear equa-
tions required to obtain the constants of integration in
the solution (the Cjp values).

Appropriate quadrature points (streams) and weights
have been chosen for the interface continuity relations.
To take into account the region of total reflection in the
sea ice and ocean, separate angular quadrature points
are adopted in addition to those used in the atmosphere
and the refractive region of the sea ice and ocean. These
quadratures are chosen so as to (1) simplify the im-
plementation of the interface continuity condition, (2)
automatically account for the refraction and reflection
at the air-ice or air-water interface, (3) solve the ra-
diative transfer equation in the coupled system consis-
tently, and (4) avoid the loss of accuracy incurred by
interpolation if the same number of streams are used in
the atmosphere, sea ice, and ocean. The total number
of quadrature points (streams) chosen for each stratum
is flexible and is based on the optical properties and the
accuracy required.

From the solutions of (1:1 the downward and up-
ward fluxes (irradiances) F,*(7,) and the mean inten-
sity I, (7,) (the total scalar irradiance divided by 4w in
oceanographic terminology [Morel and Smith, 1982]) at
optical depth 7, could be computed according to the
following formulas [Stamnes, 1986):

1
F,,i(r,,) = 27!'/ pl, (1, £p)dp
0
N
= 21rZw.'u.'1u(Tu,il‘s') (5)
1=1
I—,,(‘r,,) =
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’2'/ IV(TV,”)dI‘
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N
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i%0

Since (5) and (6) are general formulas, when these are
applied to actual computations, the quadrature number
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N, as well as the quadrature directions g; and weights
w;, are different in the atmosphere from those in the
sea ice and ocean.

For the purpose of this paper we define the net
flux (total irradiance) F,(r,) and the flux divergence
dF,(m,)/dz at depth 2 as

F,(n) = F,,+('r,,) - F,7 (1)

(7)

dF, (7 =
—:'i(z—") = 4ra,(z)1, (1) (8)
where a,(2) is the absorption coefficient. Thus in the
absence of thermal emission sources the radiative flux
divergence is equal to the absorption of solar radiation
per unit volume at depth 2. The integrations of (7)
and (8) over frequency v will produce the correspond-

_ing radiative quantities within the integrated spectral

region.

2.2. Input Parameterizations

To compute the radiative quantities, we need to spec-
ify either the optical properties in every layer or the
appropriate physical parameters from which one may
derive the optical properties. In addition, we have to
specify the bottom and top boundary conditions. The
bottom boundary condition refers to the reflecting prop-
erty of the bottom surface, i.e., the seafloor. As most
areas of the polar oceans can be considered optically
infinite in depth, the bottom boundary is not partic-
ularly important in this study, and assuming it to be
a Lambertian surface is sufficient. The top boundary
condition required is the incident solar spectrum and
the solar elevation. The observational data describing
the solar spectrum at the top of the atmosphere used
here is from Coulson [1975].

Within the atmosphere we consider the absorption
and scattering by atmospheric gases, clouds, and aerosols
[Tsay et al., 1989]. Although molecular (Rayleigh)
scattering is dominated by nitrogen and oxygen gases
which constitute more than 99% of the Earth’s at-
mosphere, molecular absorption is dominated by trace
gases, mainly water vapor, carbon dioxide, and ozone.
The absorption by other minor trace gases is not consid-
ered in this study. To account for the total solar energy,
one must integrate over the solar spectrum (0.25 pm-
4.0 pm), a spectral region where numerous absorption
lines exist [Rothman et al., 1987]. As a result, incorpo-
ration of the line structures into a multiple-scattering
radiative transfer code will result in a very time con-
suming computation. To maximize computational ef-
ficiency, parameterization of gaseous absorption over a
spectral region containing many lines is necessary when
absorption is included in a multiple-scattering scheme.
Therefore the method called exponential-sum fitting of
transmissions (ESFT) has been adopted.

The ESFT method approximates the transmission
function of a given spectral region by a finite sum of
M exponential terms as follows [Hunt and Grant, 1969;
Wiscombe and Evans, 1977]:

M
T(u) = }: w; exp(—b;u) (9)
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where T represents the band transmission function and
u denotes the equivalent absorber amount. The b; are
the equivalent absorption coefficients and the w; are
the associated weights. The b;u behave like monochro-
matic optical depths which can easily be incorporated
into the multiple-scattering scheme. The main virtue of
the ESFT method is that it reduces the nongray radia-
.tive transfer problem involving integration over a finite
spectral interval (for which Beer’s law does not apply)
to a series of monochromatic problems. Also, the over-
lap of absorbing gases can be easily treated due to the
multiplicative property of the transmission [Goody and
Yung, 1989].

The optical properties of Arctic clouds are parame-
terized in terms of the equivalent radius RE and the liq-
uid water content LW C of the cloud as follows [Slingo,
1989; Tsay et al., 1989]:

a=c+ cRE (10a)
g=c3+csRE (10b)
Bext [LWC = cs + cs/RE (10c)

where a, g, and fBex are the single-scattering albedo,
the asymmetry factor of scattering, and the extinction
coefficient respectively. The ¢; terms are parameter-
ized coefficients determined from numerical fitting of
these equations to the optical properties obtained by
Mie computations [Tsay et al., 1989)].

The optical properties of snow, including possible
soot contamination, are obtained through Mie compu-
tations, which require the refractive index of ice/soot
and the mean radius of snow and soot particles as in-
put. Here we have utilized the models of Wiscombe
and Warren [1980] and Warren and Wiscombe [1980],
whose results for computed snow albedo agree well with
the available field measurements.

In sea ice the processes considered include the ab-
sorption by pure ice, scattering and absorption by brine
pockets, and the solid salts trapped within the ice and
scattering by air bubbles as described by Grenfell [1983,
1991]. To obtain the optical properties for the bulk ice,
the relative amounts of each component in the sea ice
have to be determined. Formulas developed by Cozx
and Weeks [1983], which calculate the volume fractions
of brine, air, and solid salts present in the ice from the
ice temperature, density and salinity, were used for this
purpose. These relations show that the fractional vol-
ume of air is sensitive to bulk ice density, but not to ice
salinity, while the fractional volume of brine is sensitive
to the ice salinity and temperature, but not to the ice
density. Therefore when the air volume, instead of ice
density, is the directly available input parameter, the
brine volume calculated from Cox and Weeks’s formu-
lation based on a approximated density should still be
accurate enough.

The absorption coefficient for pure ice is based on the
data sets reported by Grenfell and Perovich [1981] and
Warren [1984)]. The optical properties of the brine pock-
ets, air bubbles, and solid salts are obtained from Mie
calculations with assumed spherical shapes. Unfortu-

JIN ET AL.: SOLAR RADIATION IN ATMOSPHERE, SEA ICE AND OCEAN

nately, field observations on size distributions for these
inclusions are few. Therefore we have assumed values
that appear reasonable. The size distribution for air
bubbles is represented by a power law [Grenfell, 1983],
N(r) = Nor=1:2% where the upper and lower limits of 2
mm and 0.1 mm were used. The solid salts are assumed
to be monodisperse with radii of 10 um. As might be
expected, the solid salt contribution only becomes sig-
nificant at ice temperatures below the crystallization
temperature of NaCl-2H,0 (-22.9°C). Only one mea-
surement on the size distribution of brine pockets has
been reported by Perovich and Gow [1991] for young
sea ice, but the lower and upper size limits and their
relation with salinity and temperature were unknown.
Grenfell [1991] assumed a constant number concentra-
tion of 10 per cubic millimeter and a monodisperse dis-
tribution. As this assumption could overestimate brine
scattering if the salinity is low, we will assume a uni-
form size distribution with a number concentration of
0.6S per cubic millimeter (S is the salinity in per mil) to
coincide with the observational brine pocket size (typ-
ically tenths of a millimeter). This size distribution
also causes the rate of change of the radius with tem-
perature to approximately agree with the correlation
length change with temperature observed by Perovich
and Gow [1991]. Owing to the large particle size and
the anomalous scattering resulting from the similarity
in the refractive indices of ice and brine, the phase func-
tions of brine pockets always show an extremely strong
forward scattering peak. Therefore most of the scat-
tered light is concentrated in a very small cone around
the forward direction and can be added back to the
incident radiation, so that the actual scattering coef-
ficient can be scaled down dramatically. In addition,
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Figure 1. The single-scattering coalbedo at three levels
for ice with thickness of 3.0 m, density of 0.9 Mg/m3,
salinity of 39, , and surface temperature of -10°C.
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although an increase in brine pocket size will increase
the extinction and scattering coefficients, this change
will also strengthen the forward scattering, which actu-
ally reduces the scattering effectiveness. These factors
make the error in radiation computation resulting from
the uncertainty in brine size distribution much smaller
than might be expected. As ice warms, the size dis-
tribution used here permits growth in the size of the
brine pockets but ignores the merging of brine inclu-
sions, which may decrease the scattering.

Each component in the sea ice interacts differently
with radiation. Pure ice acts mainly as an absorber.
Although air bubbles and brine pockets both scatter
light strongly, air bubbles scatter more effectively, while
brine pockets also absorb radiation. The optical prop-
erties of the sea ice depend on the volume occupied by
each component.

In the ocean, scattering and absorption coefficients of
seawater are taken from Smith and Baker [1981], who
provide values applicable to the 0.2 ym to 0.8 pgm re-
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gion. For wavelengths larger than 0.8 pm, only absorp-
tion is considered, because the scattering is weak and

‘the absorption is strong. We also neglect particulates

in the ocean in this study, because of their minor effect
on the energy budget in the coupled system.

3. The Radiative Energy Budget

For solar radiation the spectral region considered is
from 0.25 pm to 4.0 pm, which includes approximately
99% of the total solar radiation energy incident at the
top of the atmosphere. In this study the solar spec-
trum is divided into 24 bands and the ESFT method
described earlier is adopted to simulate the absorption
by water vapor, carbon dioxide, oxygen, and ozone in
each band. For test purposes we have taken the profiles
of pressure, gaseous concentrations in the atmosphere
from the McClatchey et al. [1972] model atmosphere for
the subarctic region and divided the atmosphere into 25
layers. For sea ice, although modeled salinity profiles
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are available [Coz and Weeks, 1988; Ficken, 1992], an
adequate treatment of density profile variations does
not exist. Therefore, we will, as a first approxima-
tion, assume that although the density and salinity may
change with thickness, for a given thickness these val-
ues are constant throughout the ice sheet. We will also
assume that there is a linear temperature profile with
the bottom temperature of the ice fixed at —2°C. Al-
though this is known to be an excellent approximation
for young ice types, as sea ice thickens, nonlinear effects
become increasingly common [Maykut, 1978]. The ice is
divided into three to seven layers in the following stud-
ies, depending on ice properties. In the ocean we will
neglect vertical variations in the properties of seawater
and consider it as one homogeneous layer.

3.1. Spectral Radiative Absorption

The first test is for ice with thickness 3.0 m, salin-
ity 3%, , density 0.90 Mg/m?® and surface tempera-
ture —10°C, approximately the ice surface temperature
in middle May and September observed in the central
Arctic [Maykut, 1978]. For this ice model, which can
be considered to be representative of multiyear ice, the
single-scattering coalbedo (the ratio of the absorption
coefficient and extinction coefficient) in the 24 spectral
bands at three depths in the ice is shown in Figure 1,
which indicates strong absorption in the infrared part
of the solar spectrum and relatively weak absorption
in the visible region. Figure 2 shows the net fluxes in
the 24 spectral bands at various levels and with a solar
zenith angle of 60°. The net (downward) flux is de-
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fined as the difference between the downward and up-
ward fluxes (irradiances) as given by (7). Therefore
the vertical distance between any two lines represents
the radiation energy absorbed by a column with unit
cross-sectional area between the corresponding two lev-
els, and the area beneath the bottom line represents the
absorption of radiation by the ocean. Figure 2 indicates
that much of the solar radiation will be absorbed within
the uppermost 0.1 m of the ice and the absorption also
varies greatly as a function of wavelength, which is well
correlated with the single-scattering coalbedo shown in
Figure 1. Only the visible radiation can penetrate into
the deeper layers of the ice and into the ocean.

For the same conditions as in Figure 2 (top) panel,
but including a layer of Arctic stratus cloud in the at-
mosphere, Figure 2 (bottom) shows that the absorption
by the atmosphere is increased, especially in the longer
wavelength, due to the cloud absorption. Consequently,
absorption by the ice and by the ocean will decrease in
every spectral band, especially in the upper layer of
the ice. On the basis of observational data [Herman
and Curry, 1984; Tsay and Jayaweera, 1984], the cloud
used here has an equivalent droplet radius of 7 pm and
a water content of 0.2 g/m3. The cloud base is assumed
to occur at a height of 700 m with a thickness of 300
m, values typical for Arctic stratus.

3.2. Absorption and Partitioning of Solar En-
ergy in the Atmosphere-Sea Ice-Ocean System

Next we use the same models for the atmosphere,
cloud, sea ice, and ocean as in Figure 2, but change

Table 1. The Amount of Solar Energy Absorbed by Various Layers and Its Per-

centage of the Total for Different Ice Densities

Total Absorption in Various Layers and Its Percentage of the Total
Density, Absorption, Ice
Mg/m® W/m? Atmosphere  0-l1cm 1-10cm  0.1-1m 12 m Ocean
Visible (0.28 - 0.78 ym ), Clear Sky
0.86 62.6 21.4(34)  1.5(24) 10.4(17) 23.1(37) 3.1(49) 3.0(4.8)
0.88 73.2 21.1(29)  1.8(2.4) 12.5(17) 29.9(41) 3.3(4.5)  4.6(6.3)
0.90 90.5 20.8(23)  2.0(2.2) 14.7(16) 41.0(45) 4.4(4.9)  7.6(8.4)
0.92 127.7 20.0(16)  1.9(1.5) 16.0(13) 61.6(48) 9.7(7.6) 18.4(14.)
Total (0.25 - 4.0 pym), Clear Sky
0.86 315.1 114.9(36)  87.9(28) 72.2(23) 34.0(11) 3.1(1.0)  3.0(1.0)
0.88 334.5 114.3(34)  89.3(27) 79.5(24) 43.5(13) 3.3(1.0)  4.6(1.4)
0.90 361.8 113.5(31)  89.8(25) 86.8(24) 59.7(17) 4.4(1.2)  7.6(2.1)
0.92 411.6 112.2(27)  88.2(21) 90.8(22) 92.1(22) 9.8(2.4) 18.5(4.5)
Visible (0.28 - 0.78 ym), Cloudy Sky
0.86 50.4 21.5(43)  0.9(1.8)  6.7(13) 16.2(32) 2.5(5.0)  2.5(5.1)
0.88 56.3 21.3(38)  1.0(1.8)  7.6(14) 20.0(35) 2.6(4.5) 3.8(6.7)
0.90 65.2 21.1(32)  1.0(1.6) 8.2(13) 25.7(39) 3.2(49) 6.0(9.1)
0.92 81.4 20.8(26)  0.8(1.0) 7.4(9) 33.6(41) 59(7.2) 12.9(16.)
Total (0.25 - 4.0 ym), Cloudy Sky
0.86 210.2 132.9(63) 20.2(9.6) 30.8(15) 21.3(10) 2.5(1.2)  2.5(1.2)
0.88 217.7 132.6(61) 20.2(9.3) 32.5(15) 26.0(12) 2.6(1.2)  3.8(1.7)
0.90 228.3 132.2(58) 19.9(8.7) 33.5(15) 33.5(15) 3.2(1.4)  6.0(2.6)
0.92 246.3 131.7(53)  18.9(7.7) 31.2(13) 45.6(19) 5.9(2.4) 12.9(5.2)

Percentages of the total energy absorbed by different layers are given in parentheses.
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the ice thickness to 2 m and the ice salinity to 5%0 ,
values representative of average salinity for thick, first-
year ice [Cox and Weeks, 1988]. Table 1 quantitatively
shows the distribution of the absorbed radiative energy
by the atmosphere, ocean and various sublayers of the
ice under both clear and cloudy sky conditions for this
situation. The values in the second column represent
the total amount absorbed by the entire atmosphere-
sea ice-ocean system. The total solar absorption is ob-
tained by integration over the 24 spectral bands rang-
ing from 0.25 um to 4.0 pm, and the total visible ab-
sorption is the integral over 12 spectral bands ranging
from 0.28 pm to 0.78 pm. The energy absorbed by dif-
ferent layers and its percentage of the total (values in
the parentheses) are listed in the rest of the columns.
The data in Table 1 show that the total disposition
of the solar radiation in the entire atmosphere-sea ice-
ocean system is sensitive to bulk ice density (i.e., the
amount of air included in the ice). This is especially
true for visible radiation, which experiences a twofold
increase under clear sky conditions when the ice density
increases from 0.86 Mg/m3 to 0.92 Mg/m3. However,
the presence of a cloud drastically reduces this sensi-
tivity to ice density. The cloud also reduces the total
absorption in the coupled system, because the cloud
reflects more solar radiation back to space. The total
system albedo is increased from 0.53 under a clear sky
to 0.69 under a cloudy sky for the cloud used here and
for the ice density of 0.86 Mg/m3 (from 0.46 to 0.67 for
ice density 0.90 Mg/m3). Although the total radiative
absorption in the whole system increases with ice den-
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sity, the percentage of absorption by the atmosphere
decreases, and consequently the amount of absorption
in the atmosphere remains almost unchanged. In fact,
the atmospheric absorption decreases slightly with in-
creasing ice density. The explanation for this is that less
dense ice includes more air bubbles, which scatter and
thereby reflect more radiation back to the atmosphere.
Under clear sky conditions the top layer in the ice acts
as a main absorber with the uppermost 1 cm of the
ice absorbing more than 20% of the total radiative en-
ergy deposited in the whole atmosphere-sea ice-ocean
system. Clouds significantly reduce both the amount
and the percentage absorbed by the top layer of the ice,
because most of the infrared part of the solar radiation
has been absorbed and reflected by the cloud before it
reaches the ice surface. Owing to less backscattering
because of fewer air bubbles, denser ice also results in
more transmission of radiation into the ocean and there-
fore produces higher absorption in the seawater under
the ice. The sensitivity of this absorption by the ocean
to the ice density is also reduced by clouds.

Similar to Table 1, Table 2 shows the partitioning
of the absorbed solar radiation in the atmosphere-sea
ice-ocean system for different ice salinities but with a
fixed ice density of 0.9 Mg/m3. These results show that
the total absorption of solar radiation in the whole sys-
tem decreases as the ice salinity increases and that this
sensitivity is reduced by the presence of clouds. The
atmosphere contributes more to the total radiative ab-
sorption as the ice salinity increases, because high salin-
ity means more brine in the ice and therefore more brine

Table 2. The Amount of Solar Energy Absorbed by Various Layers and Its Per-
centage of the Total for Different Ice Salinities

Total Absorption in Various l.ayers and Its Percentage of the Total
Salinity, Absorption, Ice
%o W/m? Atmosphere  0-lcm  1-10cm  0.1-1m 1-2 m Ocean
Visible (0.28 - 0.78 ym), Clear Sky
2.0 114.9 20.5(18)  2.4(2.1) 19.1(17) 58.4(51) 7.6(6.6) 6.9(6.0)
6.0 84.0 20.9(25)  1.8(2.2) 13.2(16) 35.8(43) 5.5(6.5) 6.8(8.0)
10.0 73.9 21.3(20)  1.4(1.9) 10.1(14) 31.6(43) 6.0(8.2) 3.4(4.5)
14.0 71.9 21.4(30)  1.4(1.9) 9.5(13) 32.8(46) 5.9(8.1) 1.0(1.4)
Total (0.25 - 4.0 pm), Clear Sky
2.0 392.0 112.9(29) 93.0( 24) 93.2(24) 78.3(20) 7.6(1.9) 6.9(1.8)
6.0 353.3 113.7(32) 88.7( 25) 84.5(24) 54.1(15) 5.5(1.6) 6.8(1.9)
10.0 335.2 114.4(34) 85.0( 25) 77.6(23) 48.8(15) 6.0(1.8) 3.4(1.0)
14.0 325.6 114.8(35) 82.1( 25) 73.0(22) 48.8(15) 5.9(1.8) 1.0(0.3)
Visible (0.28 - 0.78 pm ), Cloudy Sky
2.0 77.5 20.8(27)  1.3(1.7) 10.1(13) 35.2(45) 5.1(6.6) 4.9(6.3)
6.0 61.6 21.2(34)  0.9(1.5) 7.4(12) 22.5(37) 4.1(6.7) 5.4(8.7)
10.0 57.3 21.4(37)  0.8(L4) 6.1(11) 21.6(38) 4.7(8.2) 2.7(4.7)
14.0 '57.2 21.6(38) 0.8(1.4) 6.2(11) 23.3(41) 4.5(7.9) 0.8(1.4)
Total (0.25 - 4.0 pym), Cloudy Sky
2.0 241.5 131.9(55) 20.8(8.6) 35.4(15) 43.4(18) 5.1(2.1) 4.9(2.0)
6.0 224.4 132.3(59) 19.6(8.7) 32.6(15) 30.3(13) 4.1(1.8) 5.4(2.4)
10.0 218.7 132.7(61) 18.7(8.6) 30.8(14) 29.1(13) 4.7(2.1) 2.7(1.2)
14.0 217.2 133.0(61) 18.1(8.3) 30.2(14) 30.6(14) 4.5(2.1) 0.8(0.4)

Percentages of the total energy absorbed by different layers are given in parentheses.
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pockets acting as scatterers, increasing the amount of
reflected radiation. As the light propagates into the
deeper layers of the ice and into the ocean, both the
amount and the percentage of the radiative absorption
in these layers do not show nearly as strong a depen-
dence on the salinity as they did on the density, as was
demonstrated in Table 1. This is due to the different
scattering and absorptive properties of brine pockets
and air bubbles. Brine pockets are stronger forward
scatterers than the air bubbles, and, in addition, they
also act as absorbing bodies.

Table 3 shows the distribution of the total solar radi-
ation absorbed by the atmosphere, snow, ice, and ocean
for different snow depths on the ice and for a fixed ice
density (0.90 Mg/m?) and salinity (5%, ). The snow
is specified to have a average grain radius of 1.0 mm
and density of 0.4 Mg/m3, values representative of old
snow near the melting point [Wiscombe and Warren,
1980]. When the results in Table 3 are compared with
those in Tables 1 and 2 for clear sky conditions, the
total solar radiation disposition in the whole system is
significantly reduced because of the higher reflection at
the snow surface and the resulting isolation of the ab-
sorptive ice below. Although the absorption by snow
and ice are different for different snow thicknesses, the
total absorption by the whole system and the absorp-
tion by the atmosphere are similar for the four snow
depths used, indicating the snow surface albedo is al-
ready saturated when the snow thickness exceeds 5 cm.
Even more importantly, only 5 cm of snow layer is re-
sponsible for nearly half of the total solar absorption.

Similar to Table 3, Table 4 shows the partioning
of the absorbed total solar radiation across the sys-
tem obtained under four different solar elevations. As
expected, a lower solar elevation (larger zenith angle)
causes less absorption in the whole system, because it
implies less radiative energy input to the system and
also produces a higher reflection at the ice surface. Fur-
thermore, for lower solar elevations, as a result of a
higher reflection at the surface and a longer pathlength
of light, a larger fraction of the total absorption occurs
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in the atmosphere and a correspondingly smaller frac-
tion in the various layers of the ice and in the ocean.
However, the presence of a cloud will increase the sensi-
tivity of the fractional absorption in the ice and in the
ocean to changes in solar elevation.

The occurrence of melt ponds on the ice has been
shown to be important in the overall energy balance
[Ebert and Curry, 1993]. A simulation of the solar en-
ergy distribution for different pond depths is presented
in Table 5. Here we assumed that the pond depth is
uniform, and we computed the energy distribution in a
one-dimensional column of atmosphere, pond-over-ice,
sea ice, and ocean but ignored interaction with neigh-
boring columns. This treatment is mandated by our use
of one-dimensional model. To simulate two-dimensional
effects, one could, as a first approximation, use area-
weighted combinations of different surface types as dis-
cussed for combination of leads and ice below. The
same models for atmosphere, cloud, and ocean are used
as above. Although the temperature at the ice top is
0°C and somewhat lower in the interior, for simplicity
the temperature is specified to be —2°C (the same as
the bottom temperature) throughout the complete ice
thickness. The density is specified to be 0.93 Mg/m3
when air volume is negligible, as it is for ice under
ponds. A comparison with the results in the aforemen-
tioned tables shows that the total absorption by the
whole system has been increased due to the reduced
surface albedo. Also, the radiation penetration into the
ocean has increased, while the absorption by the atmo-
sphere shows only a slight change. A melt pond with a
depth of only 5 cm can absorb nearly half of the total
energy absorbed by the whole system.

The values in Tables 1, 2, and 4 indicate that al-
though clouds reduce the total solar radiative absorp-
tion in the entire atmosphere-sea ice-ocean system, they
can increase the amount of absorption in the atmo-
sphere for the cloud model adopted here and conse-
quently contribute to solar heating in the atmosphere.
Although the increasing percentage and amount of so-
lar absorption in the atmosphere due to the cloud is

Table 3. Absorbed Solar Energy by Various Layers and Its Percentage of the Total

for Different Snow Depths

Snow Total Absorption in Various Layers and Its Percentage of the Total
Depth, Absorption, Ice
cm W/m? Atmosphere Snow 0-01lm 0.1-1m 1-2 m Ocean
Clear Sky
5 275.9 117.0(42) 130.5(47) 11.2(4.1) 13.3(4.8) 1.7(0.6) 2.2(0.8)
10 275.9 117.0(42) 142.2(51) 3.0(1.1) 10.2(3.7) 1.3(0.5) 2.2(0.8)
20 275.9 117.0(42) 147.9(54) 1.6(0.6) 6.4(2.3) 0.7(0.3) 2.2(0.8)
30 275.9 117.0(42) 152.2(55) 0.8(0.3)  3.4(1.2) 0.3(0.1) 2.2(0.8)
Cloudy Sky
5 200.2 133.7(67)  43.7(22)  7.9(4.0) 11.3(5.6) 1.5(0.8) 2.0(1.0)
10 200.2 133.7(67)  52.0(26)  2.4(1.2) 8.9(4.5) 1.1(0.6) 2.0(1.0)
20 200.2 133.7(67)  56.8(28)  1.4(0.7) 5.6(2.8) 0.7(0.3) 2.0(1.0)
30 200.2 133.7(67)  60.5(30)  0.7(0.4)  3.0(1.5) 0.3(0.2) 2.0(1.0)

Percentages of the total energy absorbed by different layers are given in parentheses.
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Table 4. The Total Solar Energy Absorbed by Various Layers and Its Percentage

of the Total for Different Solar Zenith Angles

Solar Zenith Total Absorption in Various Layers and Its Percentage of the Total
Angle, Absorption, Ice
degree W/m? Atmosphere  0-1 cm 1-10 cm 0.1-1m 1-2 m Ocean
Clear Sky
40 573.7 158.1(28) 142.5(25) 147.8(26) 104.4(18) 7.7(1.3) 13.2(2.3)
60 361.8 113.5(31)  89.8(25)  86.8(24) 59.7(17) 4.4(1.2)  7.6(2.1)
70 235.5 84.7(36)  55.8(24)  52.1(22)  35.6(15) 2.7(1.1)  4.6(1.9)
80 105.6 50.4(48)  20.0(19) 19.0(18)  13.4(13) 1.0(1.0) 1.8(L.7)
Cloudy Sky
40 383.8 196.8(51) 39.4(10.)  65.1(17) 64.9(17) 6.1(1.6) 11.4(3.0)
60 228.3 132.2(58) 19.9(8.7)  33.5(15)  33.5(15) 3.2(1.4)  6.0(2.6)
70 148.0 93.5(63) 11.1(7.5) 19.0(13) 19.1(13) 1.8(1.2)  3.4(2.3)
80 72.3 51.4(71)  4.1(5.7)  7.2(10)  7.4(10) 0.7(1.0)  1.4(1.9)

Percentages of the total energy absorbed by different layers are given in parentheses.

strongly dependent on solar elevation (also on liquid
water path and height of clouds, as our unpublished re-
sults show), it is insensitive to ice density and salinity.
Results in Tables 1 and 2 show that in the deeper layers-
of the ice (depth H > 1.0 m) and in the ocean the total
amount of absorbed solar energy is equal to the amount-
absorbed in the visible portion of the spectrum in these
same layers. This clearly demonstrates that only visible
radiation penetrates to these layers.

From these tables it is not difficult to determine the
fraction of the net incoming solar radiation which pen-
etrates into the interior of the ice (below a depth of 10
cm). This is an important parameter used in ice ther-
modynamic models [Maykut and Untersteiner, 1971
Semtner, 1976; Ebert and Curry, 1993] and polar cli-
mate models [Parkinson and Washington, 1979; Ben-
nett, 1982; Van Ypersele, 1990]. For cloudy skies this
value is dependent on the cloud conditions. For clear
skies the tables show a minimum of 0.20, which corre-
sponds to the lowest ice density (highest air volume)
used in Table 1. This value is higher than values (typ-
ically 0.17 or 0.18) used in ice thermodynamic models

and climate models, while the parameters for sea ice
used in the tables should have covered most of the ice
property variations. This value is primarily determined
by the scattering properties of the air bubbles in the
uppermost few centimeters of ice.

3.3. Radiative Heating in Sea Ice

To demonstrate how the absorption within the sea
ice responds to the variation of the physical proper-
ties of the ice, Figure 3 shows the absorption profiles
(heating rates), dF(z)/dz (in milliwatts per cubic cen-
timeter), with depth in the sea ice for different densities
and salinities under clear sky conditions. Here z is the
depth in the sea ice measured downward from the up-
per ice surface. The same model inputs for atmosphere,
sea ice, and ocean as used in Figure 2 have been used in
these computations. The thicker lines in the plots repre-
sent the total absorbed solar radiation (0.25 pm-4.0 pm)
while the thinner lines represent the radiative energy
absorbed in the visible region (0.28 ym-0.78 ym). Ow-
ing to the rapid decrease in radiative absorption with
depth in the near-surface layer of the ice, logarithmic
scales were chosen for both axes.

Table 5. Absorbed Solar Energy by Various Layers and Its Percentage of the Total

for Different Depths of Melting Ponds

Pond Total Absorption in Various Layers and Its Percentage of the Total
Depth, Absorption, Ice
cm W /m? Atmosphere  Ponds 0-0lm 01-lm 1-2m Ocean
Clear Sky
5 408.9 112.2(27) 176.8(43) 40.7(9.9) 55.8(14) 7.7(1.9) 15.8(3.9)
10 418.8 111.9(27) 224.0(54) 18.9(4.5) 41.8(10) 6.7(1.6) 15.5(3.7)
20 432.7 111.6(26) 264.0(61) 9.2(2.1) 27.8(6) 5.2(1.2) 14.9(3.4)
40 450.3 111.2(25) 302.1(67)  3.9(0.9) 16.0(4) 3.2(0.7) 13.9(3.1)
Cloudy Sky
5 243.1 131.7(54)  48.7(20) 16.4(6.7) 29.9(12) 5.0(2.1) 11.3(4.7)
10 245.8 131.6(54)  67.0(27) 8.8(3.6) 23.1(9) 4.4(1.8) 11.0(4.5)
20 249.8 131.5(53)  84.0(34) 4.7(1.9) 15.9(6) 3.3(1.3) 10.4(4.2)
40 255.1 131.5(52) 100.4(39)  2.2(0.9) 9.5(4) 2.0(0.8) 9.5(3.7)

Percentages of the total energy absorbed by different layers are given in parentheses.
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Figure 3. Distribution of the absorbed solar energy with depth in the ice for different (left) ice
densities and (right) salinities under clear sky conditions.

These figures clearly demonstrate that although the
absorption profiles are complicated within the first few
centimeters of the top layer, below this depth, the ra-
diative absorption increases as ice density increasées and
as salinity decreases. Again, these phenomena can be

attributed to the different optical properties possessed -

by the different components in the ice. Generally, pure
ice absorbs strongly in the whole solar spectrum except
in the relatively narrow visible region, where a larger
part of the solar radiative energy reaching the ice sur-
face is concentrated. Both denser ice and less saline ice
contain a larger fractional volume of pure ice, resulting
in increased absorption. On the other hand, denser ice
includes less air bubbles and the less saline ice includes
less brine volume. Both of these reductions in the num-
ber of scatterers reduce the optical path for light prop-
agating to deeper layers and consequently decrease the
amount of absorption. Therefore the magnitude of the
radiative absorption in the ice depends on these two
competitive processes.

Most of the infrared and ultraviolet energy in the
solar radiation reaching the ice surface would be ab-
sorbed within a very thin top layer of the ice because of
the strong absorption by pure ice at those wavelengths.
Consequently, in the upper layers of sea ice the absorp-
tion of the total solar radiation is dominated by the
presence of pure ice. This is reflected in Figure 3 by
the total solar radiative absorption in the thin top layer
increasing as ice density increases and as salinity de-
creases. Then, as more infrared radiation has been ab-

sorbed, enhanced absorption due to multiple scattering.

becomes more important and dominates immediately
beyond the thin top layer, causing an increase in the
total solar absorption as the ice density decreases and
the salinity increases. However, absorption below the
depth of a few centimeters, where most of the remain-
ing radiation is in the visible spectrum, will increase
with increasing ice density and decreasing salinity due
to the less scattering, leading to less reflection by the
ice. The absorption rate in the visible spectrum shows

only a small change within about 10 cm of the top layer.
Figure 3 shows that the absorbed amounts of total ra-
diation and visible radiation get closer and closer as the
depth increases, and at about 50 cm in depth they over-
lap. This indicates that almost all the radiation beyond
the visible region is absorbed by the top 50 cm of sea
ice.

3.4. Effects of the Ice Thickness

In this example we will investigate the effects of the
ice thickness on the radiative energy budget in the
atmosphere-sea ice-ocean system using the same atmo-
sphere, cloud, and ocean models as above. The ice
model is also similar, but observed changes in the av-
erage salinity as a function of ice thickness are now in-
cluded based on a recent compilation of first-year ice
data by W. F. Weeks (personal data, 1994). The mean
salinity values S are observed to be well described by
the following two linear relations:

S =17.0-31.63h;, h; <0.3m (11a)
S=80-163h, h;>03m  (11b)

The temperature at the top of the ice will still be as-
sumed to remain at —10°C and to increase linearly with
depth to —2°C at the ice-water interface. Figure 4
shows the dependence of the total solar energy absorbed
by the atmosphere, sea ice, and ocean, respectively, on
the ice thickness. Results indicate that although the to-
tal solar energy disposed in the entire system decreases
as ice thickness increases, the rate of decrease becomes
smaller as the ice thickness increases, with the total ra-
diative absorption approaching a nearly constant value
after the ice thickness reaches about 70 cm. As the
ice thickness increases, the absorption by the ice in-
creases and that by the ocean decreases, with the rates
of change, again, depending on the ice thickness. On the
other hand, the absorption by the atmosphere remains
almost unchanged as ice thickness changes. A compar-
ison of the two panels in Figure 4 indicates that not
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Figure 4. The distribution of total solar radiative absorption in the atmosphere, sea ice, and
ocean system as a function of the ice thickness for (a) clear sky and (b) cloudy sky conditions.

only does the cloud drastically reduce the energy dis-
position into the ice and the whole system for any ice
thickness and that into the ocean for thin ice, but also
it significantly reduces all sensitivities of the absorbed
solar energy to the ice thickness, especially when the ice
is thin. The solar zenith angle used here is still at 60°.
However, our unpublished results show that the general
behavior indicated above is true for all solar elevations
and cloud heights except that the magnitudes of all the
components change.

3.5. Effects of Open Ocean

It is well known that the occurrence of areas of open
water (leads, polynya) within an ice field has an impor-
tant impact on the solar energy distribution. Using the
same models as used in Tables 3 and 4, Figure 5 shows
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the solar energy partioning in the atmosphere, sea ice,
and ocean (including open ocean and ocean under the
ice) as a function of the area fraction of open water. The
absorption by the atmosphere, ice, and ocean are repre-
sented by different shades of gray in Figure 5. Here the
vertical distance covered by the three different shades
gives the fraction of absorption. Area-weighted irradi-
ances are used in this computation, as explained earlier.
A similar method has been used and discussed by Per-
ovich [1990] in estimating light reflection and transmis-
sion by spatially varying sea ice covers. This procedure
actually ignores the horizontal radiation interaction by
multiple scattering between the two different columns.
Figure 5 shows that .as the area fraction of open wa-
ter increases, the solar radiation deposited in the ocean
increases rapidly, from 2% under the ice cover to 80%

(b). Cloudy Sky
1.0 T

T

Atmosphere

o
(=]
—T
Il

o

Fraction of Absorption

0.0 0.2 0.4 0.6 0.8 1.0
Fraction of Openoceon

Figure 5. Distribution of the absorbed solar energy in the atmosphere, sea ice, and ocean as a
function of open ocean fraction for (a) clear sky and (b) cloudy sky conditions.
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under ice-free conditions for a clear sky. The increase
of the absolute value is even more pronounced, because
the total absorption in the entire system increases with
the open water fraction. Although the fraction of total
absorption both in the ice and in the ocean is sensitive
to the open ocean fraction, especially under clear skies,
the fraction deposited in the atmosphere is not.

3.6. Comparison With Observations

Desirable model-data comparisons require compre-
hensive optical data sets from the atmosphere, the ice,
and the ocean. Unfortunately, such radiation measure-
ments with simultaneous observational data on the envi-
ronmental parameters required have, to date, not been
made. This lack of data makes accurate comparisons
with coupled radiative transfer models difficult. How-
ever, of all the radiation quantities, the spectral albedo
of the ice surface is the only value on which the atmo-
sphere and ocean have a minor influence if the sky is
overcast (when the radiative incidence on the surface
can be considered to be diffuse). In addition, only the
properties of the thin top layer of the ice are impor-
tant for this albedo, and so it is presently probably the
best quantity available for comparison. Therefore we
choose two observational spectral albedos for two rel-
atively simple ice types. These are melting multiyear
white ice and melting first-year blue ice. The observed
spectral albedos are reproduced from the observations
reported by Grenfell and Maykut [1977]. Unfortunately,
the data needed to specify the model uniquely were not
obtained, so the comparison is only approximate. In
the computations, because melting ice is being consid-
ered, we have specified the average ice temperature as
—2°C. For the multiyear ice considered in Figure 6, re-
cently parameterized profiles of salinity and air volume
developed by W. F. Weeks (unpublished field data from
ice station Crystal, 1986) are used. The salinity is ex-

pressed as
S =2.785Z + 1.9842* (12a)

Z=z/h;, 0<Z<10 (12b)

which is based on a total of 769 individual measure-
ments from multiyear floes at which the actual ice thick-
ness varied between 1.99 and 5.45 m. The Z in the
formula is the normalized ice thickness, and 2 and h;
are the actual depth in ice and actual ice thickness,
respectively. The air volume for the multiyear ice is
parameterized as

Vi = 18.55 — 7.6Z + 257.1 exp(—46.32) (13)

In this simulation, air volume is used directly for model
input, while the brine volume is calculated as discussed
in section 2. For the first-year blue ice in Figure 7 we
have used a salinity of 5%, as in the tables above, a
value representative of thick first-year ice, and a den-
sity of 0.94 Mg/m3, which assumes that the air volume
is negligible, as it usually is for the first-year blue ice.
The comparisons shown in Figures 6 and 7 are in quite
good agreement, particularly with respect to the wave-
length dependence. For multiyear ice the model pre-
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Figure 6. Comparison of observed spectral albedo for
melting multiyear white ice with model calculations.
Observations are from Grenfell and Maykut [1977].

dicts a little higher albedo at shorter wavelengths and
a little lower at longer wavelengths than observed. For
the first-year ice the model predicts a little lower albedo
overall. However, the agreement could be improved by
adjusting one or more of the input parameters, for ex-
ample, the salinity profile. At present, it is not possible
to determine whether the differences between the model
results and observations are the result of inaccurate rep-
resentations of the ice properties and/or the inappropri-
ately assumed parameters in the Mie calculations of the
optical properties of the ice.

4. Summary and Conclusions

The radiative energy budget in a coupled atmosphere,
sea ice, and ocean system has been studied by using a
newly developed radiative transfer model. In the atmo-
sphere, gaseous absorption in 24 spectral bands span-
ning the entire solar spectrum has been implemented by
a band model which allows for the inclusion of multiple
scattering. Cloud effects have also been incorporated
by parameterizing their optical properties. In sea ice
the pure ice absorption, as well as the absorption and
scattering by brine pockets and air bubbles, have been
taken into account. The optical properties for the in-
clusions are based on Mie computations. In the ocean,
absorption and scattering by seawater is considered. A
snow layer on the ice is also included as an option. In
addition, the refraction at the air-ice interface has been
consistently taken into account.

The input parameters required by the model are ob-
servable physical properties (e.g., the profiles of tem-
perature, pressure, and gas concentrations in the at-
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Figure 7. As in Figure 6, but for melting first-year
blue ice.

mosphere, the water or ice content of clouds, and the
equivalent radius of cloud droplets, as well as the pro-
files of temperature, density, and salinity in the ice).

This model has been applied to study the radiative
interactions within the atmosphere, sea ice, and ocean
system and to investigate the effects of the ice prop-
erties, ice thickness, snow, and cloud on the radiative
energy disposition and its distribution within the cou-
pled system. On the basis of the modeling results we can
conclude that the sea ice has a significant impact on the
absorption and partitioning of the solar radiative energy
in the atmosphere, sea ice, and ocean system. Because
changes in the physical properties of the ice, such as
density, salinity, and temperature, lead to changes of
the optical properties within the ice, such as scattering
and absorption, and because of interactions occurring
between the atmosphere, sea ice, and ocean, changes in
the physical properties of the ice can alter the radia-
tive transfer and the interaction processes within the
entire system. Generally, as the ice density increases,
the radiative absorption will increase in the entire cou-
pled system, as well as in the sea ice and in the ocean,
while the absorption in the atmosphere exhibits a slight
decrease. As the ice salinity increases, the radiative ab-
sorption in the entire coupled system, in the ice, and
in the ocean decreases. The absorption profiles in the
ice show that most of the radiative energy absorbed by
sea ice occurs in a very thin top layer of the ice. This
is especially true under clear sky conditions. Only 10
cm of the top layer of ice can absorb more than 50% of
the total solar radiation disposed in the entire system.
Also, at depths greater than 50 cm in the ice, only visi-
ble radiation is left because of the strong absorption of
the ice beyond this wavelength region.
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In sea ice it is the scattering by inclusions, espe-
cially the air bubbles, in a few centimeters of the up-
permost layer that plays the vital role to the solar en-
ergy absorption and partitioning in the whole system.
Higher scattering in this top layer will not only increase
backscattering to the atmosphere, but it also increases
the absorption fraction in this top ice layer itself and
decreases the radiation penetrating to the deeper layers
of the ice and to the ocean. Because air bubbles have
much higher scattering effectiveness than brine pockets,
the radiative absorption is more sensitive to air volume
variations than to brine volume variations. Therefore to
estimate the solar energy distribution with confidence,
one must be able to input realistic estimates of the air
volume fraction in the ice. Estimates for the top few
centimeters of the ice are particularly important.

Ice thickness also exerts a significant influence on
the radiative energy balance in the atmosphere-sea ice-
ocean system, especially when the ice is thin. Increasing
the ice thickness in the thickness range between 0 and 70
cm results in an increase in the radiative absorption in
the ice and a decrease in the ocean, as well as a decrease
in the entire system. However, the total absorption in
the entire system remains almost constant once the ice
thickness exceeds about 70 cm. Nevertheless, the ab-
sorption within the atmosphere is not sensitive to the
ice thickness change.

Clouds and snow on the ice reduce the solar energy
absorption in the ice and in the ocean, as well as in
the entire atmosphere-sea ice-ocean system. The main
role of clouds seems to be to moderate any variation
in the radiative energy budget caused by changes in ice
properties and ice thickness. In other words, clouds
reduce the sensitivity of the absorbed solar energy in
every layer to changes in ice properties and thickness.

Realistic simulations of the radiative energy budget
require in situ data from measurements. This includes
the profiles of relevant parameters described above for
the atmosphere, sea ice, and ocean, or else the pro-
files of optical properties, in particular, the light ex-
tinction and absorption, as well as the phase function
of scattering. Simultaneous measurements of the ra-
diative quantities, including the spectral upward and
downward fluxes, would be very useful in verifying the

model simulations.
We note that although our present treatment of the

profile properties of the different thicknesses and ages of
sea ice is crude and that we have assumed a linear tem-
perature profile for all ice thicknesses, the model that
has been described is capable of treating quite realis-
tic property and temperature profiles. At the present
we are attempting to develop improved parameteriza-
tions of sea ice property profiles for different ice types.
Finally, we would like to state that the couplings that
we have considered are purely radiative and do not al-
low the radiation to alter the snow/ice/cloud properties
resulting in changes which could affect subsequent ra-
diative transfer. In the future we hope to combine the
coupled radiative transfer model with models treating
the evolution of ice, snow, and clouds to investigate in-
teractions and feedbacks in the polar climate.
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